Spirochetes of the genus Borrelia have double-stranded linear plasmids with covalently closed ends. The physical nature of the terminal connections was determined for the 16-kb linear plasmid of the B31 strain of the Lyme disease agent Borrelia burgdorferi. Native telomeric fragments representing the left and right ends of this plasmid were isolated and subjected to Maxam-Gilbert sequence analysis. At the plasmid ends the two DNA strands formed an uninterrupted, perfectly palindromic, AT-rich sequence. This Borrelia linear plasmid consisted of a continuous polynucleotide chain that is fully base paired except for short single-stranded hairpin loops at each end. The left and right telomeres of the 16-kb plasmid were identical for 16 of the first 19 nucleotide positions and constituted an inverted terminal repeat with respect to each other. The left telomere of the 49-kb plasmid of strain B31 was identical to the corresponding telomere of the 16-kb plasmid. Different-sized plasmids of other strains of B. burgdorferi also contained sequences homologous to the left end of the 16-kb plasmid. When the borrelia telomeres were compared with telomeric sequences of other linear double-stranded DNA replicons, sequence similarities were noted with poxviruses and particularly with the iridovirus agent of African swine fever. The latter virus and a Borrelia sp. share the same tick vector. These findings suggest that the novel linear plasmids of Borrelia originated through a horizontal genetic transfer across kingdoms. 
The telomeres of linear replicons have special features that stabilize the ends and allow for their complete replication. The latter is a long-recognized problem for linear DNA molecules (34) . Previous studies of the linear plasmids of B. burgdorferi indicated that the two strands of the duplex DNA are covalently connected at each end (2) . These linear plasmids rapidly reannealed upon removal of denaturing conditions, and electron microscopy of samples of a denatured 49-kb plasmid revealed single-stranded DNA circles of approximately 100 kb. Moreover, the connections between the two DNA strands were susceptible to single-strandspecific endonucleases but not to protease treatment. Telomeric DNAs from the 49-and 16-kb linear plasmids of B. burgdorferi B31 and from two 28-kb linear plasmids of B.
hermsii have been cloned and sequenced (18, 21) . The cloning procedure, however, required the removal of the terminal cross-links. In the present study, we determined the complete sequence of uncloned, native telomeres of the B. burgdorferi plasmids. The results demonstrate that hairpin loops, formed by perfectly palindromic AT-rich sequences, link the two strands at the ends of Borrelia linear plasmids. Additional characteristics of the telomeres were identified by analysis of isolated plasmid end fragments. We also compared the Borrelia linear plasmid telomeres with those of structurally similar eukaryotic viruses.
MATERIALS AND METHODS
Bacterial strains and plasmids. Telomeric (18) . Plasmid pTR16 contains 1.7 kb of the right end of the 16-kb linear plasmid (18) .
DNA preparation and techniques. DNA was prepared from cells grown in BSK II medium (3) . Total DNA of B. burgdorferi B31 was extracted as described previously (4) . A plasmid-enriched DNA fraction of the B. burgdorferi and B. hermsii strains was obtained by the method of Barbour (1) . Isolated (27) and were digested with other enzymes to produce shorter end fragments. The resultant fragments were dephosphorylated with calf intestinal alkaline phosphatase, extracted with phenol and chloroform, and precipitated in ethanol. The fragments were then 5'-end-labelled with [-y-32P]ATP and T4 polynucleotide kinase. A portion of the end-labelled digests was subjected to electrophoresis in 3% agarose, 8% polyacrylamide, and a denaturing 8% polyacrylamide gel containing 98% (vol/vol) formamide (24) . TBE buffer was used for agarose and nondenaturing acrylamide gel electrophoresis, and phosphate buffer (16 mM Na2HPO4, 4 mM NaH2PO4) was used for the denaturing gel. Denaturing gel samples contained 30% formamide and were heated at 95°C for 3 min prior to loading. The agarose gel was dried for autoradiography.
DNA sequencing and analysis. Approximately 0.5 ,ug of each of the three end-labelled digests was fractionated on a 4% nondenaturing acrylamide gel. Telomeric fragments were recovered from the gels, and their nucleotide sequences were determined by the Maxam-Gilbert method (27 
RESULTS
Isolation of telomeric fragments. To determine the physical nature of the terminal connections of Borrelia linear plasmids, native telomeric restriction fragments were collected and sequenced directly. Physical mapping of the 16-and 49-kb plasmids revealed a SalI site 700 and 730 bp, respectively, from their designated left ends (17, 18) . As Borrelia DNA contains few SalI sites (17) , this enzyme was used to generate left telomeric fragments of the two plasmids. Figure  1 shows that Sall digestion of B. burgdorferi genomic DNA produced the two expected fragments of 700 and 730 bp which were well separated from other fragments on a polyacrylamide gel. Both of these fragments hybridized on Southern blot (not shown) with recombinant plasmids pTL16 and pTL49, which contain sequences from the left ends of the 16-and 49-kb linear plasmids, respectively (18) . Sequence analysis of these two clones had revealed that the left ends of the 16-and 49-kb linear plasmids were identical except for a 30-bp segment that was present in pTL49 but absent from pTL16 (18) . Figure 1 demonstrates that this 30-bp difference is also seen in the uncloned telomeric fragments: the terminal Sall fragment from the 16-kb plasmid is 700 bp, and the terminal Sall fragment from the 49-kb plasmid is 730 bp.
The analogous telomeric fragment from the right end of the 16-kb plasmid was produced with ClaI. Sequence analysis of pTR16, a clone containing DNA from the right end of the 16-kb linear plasmid (18) , predicted that this enzyme would generate a 715-bp fragment containing the right telomere. Gel electrophoresis of ClaI-digested Borrelia DNA yielded a 715-bp fragment which hybridized on Southern blot with plasmid pTR16 (not shown).
Demonstration of the hairpin structure of the telomeric (18) . The shaded box indicates the 30-bp segment that is present in the left end fragment of the 49-kb plasmid but absent from the 16-kb plasmid. The recognition sites for BamHI (B), BglIl (G), ClaI (C), EcoRI (E), Sall (S), and XbaI (X) are indicated.
fragment of the 49-kb linear plasmid (lpB31.49) were isolated from preparative gels and digested next with DraI or AluI, as indicated in Fig. 2 . These smaller subfragments were 5'-endlabelled with [_y-32P]ATP and separated on a 3% agarose gel (Fig. 3) . To verify that the 50-bp DraI fragments and the 92-bp AluI fragment that were observed were, in fact, the expected plasmid ends, the digests were also subjected to 8% polyacrylamide gel electrophoresis under nondenaturing and denaturing conditions. Inasmuch as telomeric fragments are effectively cross-linked at one end, we predicted that they would unfold to twice their double-stranded length under denaturing conditions. In this analysis, the 50-and 92-bp left and right telomeric fragments (arrows) migrated at their expected sizes in the nondenaturing gels, but their apparant sizes were doubled in the denaturing gel, as expected.
This analysis also revealed that the subterminal fragments from both ends of the 16- identical. This 19-bp conserved sequence constitutes an inverted terminal repeat, with a slightly different form at each end of the plasmid (Fig. 5) . Internal to the short terminal repeat, the sequences at the two ends of the 16-kb plasmid were different. The results confirm and complete the sequence reported for the cloned telomeric DNA (18) , which lacked only the two apical nucleotides of the hairpin loop.
Telomere homology among B. burgdorferi linear plasnids. The two linear plasmids investigated were identical in telomeric sequence at their left ends. Sequence identity of the two plasmids extends internally from the left terminus at least 600 bp and contains a series of direct repeats and a L palindrome (18) . To determine whether the left end sequence is also common to other linear plasmids, radiolabelled pTL16, which contains the left terminal 570 bp of the 16-kb plasmid (18) , was used to probe a Southern blot of linear plasmid DNA from several B. burgdorferi strains (Table 1) , as well as B. hermsii. As shown in Fig. 6 , the left end sequence probe hybridized as expected with the 16-and 49-kb plasmids of the B31 strain. It hybridized with a third plasmid, of about 25 kb, in the B31 strain that had been cultured in vitro for only a few passages after initial isolation. This original B31 isolate has lost several plasmids during the course of continuous maintenance in BSK medium (1). The left end probe hybridized to plasmids of about 16 and 25 to 30 kb, but not to the 49-kb plasmid, in B. burgdorferi HB19 and Veery. It hybridized with one or more plasmids of 25 to 30 kb in strain 297. All of these strains were from the northeastern United States. The left end sequence probe did not hybridize to plasmids of strain 6A, from the western United States. The left end sequence was detected on plasmids of only one European isolate, the "Munich" strain, which has a plasmid profile similar to that of the B31 strain. In contrast, pTR16, a clone containing the terminal 1.7 kb from the right end of the 16-kb plasmid (18), hybridized only to plasmids of 15 to 16 kb in these strains.
Total 16-kb linear plasmid DNA from the B31 strain was also radiolabelled and used to probe the blot. Sequence similarity under moderate stringency conditions was evident only with the 15-to 16-kb plasmid in the same strains in which homology had been detected with the two telomeric probes. Because the left end sequence constituted <4% of the total 16-kb plasmid probe, only weak signals were evident from other plasmids that hybridized with pTL16. This result showed that there is not extensive identity between the 16-kb plasmid and other plasmids beyond the left end segment. None of the probes used hybridized with plasmids of B. hermsii. These experiments indicated that, in certain B. burgdorferi strains, linear plasmids of different sizes are related by sharing an extensive terminal sequence similarity.
Comparison of telomeric sequences of Borrelia linear plasmids and eukaryotic viruses. In the foregoing experiments, left and right telomeres of different Borrelia linear plasmids were compared. The Borrelia telomeres also resemble in structure the telomeres of poxviruses (6) . Therefore, we next compared the terminal hairpin loop sequences of the Borrelia plasmids with those of the poxvirus vaccinia virus and also the structurally similar iridovirus African swine fever virus (ASFV). The hairpin termini of ASFV exist as two conformations of a 37-nucleotide imperfect palindrome (16) . In of symmetry of the palindromes, i.e., the nucleotides forming the hairpin loops, are in the middle. The 37-nucleotide ASFV sequence is 67% identical to the 38-nucleotide terminal repeat sequence of Borrelia linear plasmids. The similarity includes an 8-nucleotide region of identity (5'-TATA ATTT-3') adjacent to the hairpin loop termini. A 19-bp palindromic sequence beginning 6 bp from the vaccinia virus terminus is also similar to the hairpin loop sequence of (Fig. 7) . A corresponding similarity was not noted, however, between the Borrelia terminal repeat and Shope fibroma virus, another poxvirus whose hairpin loop termini have been sequenced (33) . No similarities were found between the Borrelia telomeric sequences and other viral or prokaryotic sequences in the GenBank data base. The two ends of the 16-kb plasmid, although distinct in sequence beyond the terminal repeat, may have a similarity in higher order structure. Subterminal fragments from both ends of the plasmid migrated anomalously in polyacrylamide gels, suggestive of an unusual conformation, such as bent DNA (26) . The nature and significance of this phenomenon are not known. It does not appear to reflect an essential structural element of linear plasmid telomeres, however, since telomeric sequences of B. hermsii plasmids exhibited normal gel migration characteristics (17) .
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DISCUSSION
Whereas the left end of the 16-kb plasmid differed from the right end after the short terminal repeat, the left ends of the 16-and 49-kb plasmids of B. burgdorferi B31 are nearly identical for approximately 0.6 kb (18) . This left terminal sequence hybridized on Southern blots with plasmids of other B. burgdorferi strains from the northeastern United States, but not with a strain from the western United States. Of the five European and Eurasian strains tested, only one, from West Germany, hybridized with this probe. Methods that have been used to type strains of B. burgdorferi include electrophoretic profiles of plasmids (1) or outer surface proteins (4) and reactivities with monoclonal antibodies (5). These methods also indicated that North American strains are more closely related to strains from central Europe than to those from northern Europe (4). More fundamentally, DNA-DNA hybridization and rRNA gene restriction pattern differences have been used to group B. burgdorferi strains into two distinct taxa (31) . The results of this study suggest that detection of telomeric sequence homology may also be useful in indicating evolutionary relatedness among strains.
A relationship among different linear plasmids within individual strains was also evident from this analysis. The left terminal sequence was present on as many as three different linear plasmids of a single strain. This may be the result of telomeric translocations or rearrangements among the different linear plasmids within a cell. In B. hermsii, a relapsing fever species, frequent telomeric translocations occur between linear plasmids (21, 29) .
Borrelia linear plasmids are unusual bacterial replicons. Among prokaryotes, only an uncharacterized E. coli prophage has been reported to have ends with a similar structure (32) . Other linear replicons in bacteria, including linear plasmids of Streptomyces rochei (19) and certain bacteriophages (11), have a protein covalently attached to each 5' end; their ends are not cross-linked. Some phages of E. coli, such as T7, exist in linear form but have non-cross-linked ends without terminal proteins (34) . The Borrelia plasmids can also be compared with replicons of higher organisms. Eukaryotic replicons with hairpin termini include Paramecium mitochondrial DNA (15) , linear plasmids of yeasts (20) , and plastids of barley chloroplasts (9) . In these replicons, however, only one of the two ends is covalently closed. Parvoviruses contain single-stranded DNA with terminal T-shaped hairpins at each end (23) .
The genomes of poxviruses, including vaccinia virus, and the iridovirus that causes African swine fever are architecturally most like the Borrelia plasmids (6, 16) . Comparison of telomeric sequences revealed that the strongest resemblance was between the Borrelia linear plasmids and ASFV. Although the identity between these AT-rich sequences might be attributable to chance, their telomeric location suggests a functional equivalence in the two replicons. The short terminal repeat is the only conserved sequence element of different linear plasmid telomeres of two species of Borrelia. This is another indication that this sequence is essential for telomeric function in that genus.
The Borrelia plasmids differ from these viral genomes in some respects. The viral telomeric hairpins are, like those of Borrelia, AT rich, but unlike the Borrelia plasmids they are imperfectly palindromic and contain extrahelical bases. The viral telomeres can exist in two conformations (flip and flop) that are inverted and complementary to each other. Each of these alternate forms is present in equimolar amounts at both ends of the genome in a population of viruses (6, 16) . The two forms of the terminal repeat of the Borrelia 16-kb plasmid, on the other hand, are not inverted and complementary to each other and are specific to the left or right end. These viruses contain much longer inverted terminal repeats than Borrelia plasmids. Approximately 10 kb, or about 6%, of the 180-kb vaccinia virus genome is repeated at each end (14) , whereas the 19-bp terminal repeat accounts for only 0.1% of the 16-kb Borrelia plasmid.
As described above, the telomeric inverted repeat of the Borrelia plasmids resembles the two variants of the hairpin loop termini of ASFV in structure, size, and sequence. Does this telomeric similarity reflect an evolutionary link between Borrelia and a eukaryotic virus? Additional parallels between these two replicons support this and raise the possibility that the linear plasmids trace their origin to a horizontal genetic transfer from ASFV or its predecessor. ASFV and B. duttoni, a noncultivable relapsing fever species, share the same arthropod host in Africa, the soft-bodied tick Ornithodoros moubata (3, 30) . Borrelia spp. contain linear plasmids as large as the 170-kb viral genome (13) . Both ASFV and Borrelia have low G+C contents (3, 10) , and ASFV genes, like those of vaccinia virus, are without introns (22) . Further evidence for either a trans-kingdom genetic transfer or common ancestry would come from detecting other similarities, especially in the replication systems. Insight into the manner in which Borrelia linear plasmids replicate awaits the analysis of replicative forms of the plasmids, which have not been detected to date. An evolutionary connection among a group of phylogenetically diverse linear bacteriophages and eukaryotic viruses has also been discerned by comparison of their DNA polymerases (7) .
The same telomeres could also have arisen independently in Borrelia spp. and ASFV, in an example of analogous structures and convergent evolution. In any case, this terminal configuration may contribute to genetic rearrangements with important biological consequences for these replicons and their hosts. The ends of poxviruses are known to be highly recombinogenic, a characteristic which may play a role in determining host range (28) . ASFV has telomere-associated multigene families which likely arose by recombination and which vary among strains (8) . Recombination among members of a family of surface protein genes located near the telomeres of linear plasmids also underlies antigenic variation in the relapsing fever agent B. hermsii (21, 29) .
